LIBs, cannot reversibly intercalate Na ions, instead requiring the use of hard carbon anodes. [2] Thus, K-ion batteries (KIBs) with abundant K resources may be preferable as the standard redox potential of K/K + is lower than that of Na + /Na, and graphite can store and release K ions. [3] Reversible K-ion storage in various anode materials including carbonaceous materials (i.e., graphite, hard carbon, and graphene), [3,4] metals (i.e., antimony and tin), [5] metal oxides (i.e., K 2 Ti 8 O 17 and K 2 Ti 4 O 9 ), [6] and organic materials (i.e., potassium terephthalate and potassium 2,5-pyridinedicarboxylate) has been demonstrated. [7] However, only a limited number of cathode materials for KIBs have been reported to date, [8] In this study, we synthesized layered P3-type K 0.5 MnO 2 and evaluated its electrochemical performance as a cathode for KIBs. Although the synthesis and structure of P3-type K 0.5 MnO 2 have been previously reported, [9] its K-storage properties have not yet been investigated. We further investigate the structural changes of K 0.5 MnO 2 upon K extraction and insertion using in situ X-ray diffraction (XRD) coupled with electrochemical titration and first-principles calculations. This work provides a better understanding of the underlying K-storage mechanism in layered P3-type K 0.5 MnO 2 as well as insight for the design and development of novel cathode materials for KIBs. Figure 1a presents an XRD pattern of the as-synthesized K 0.5 MnO 2 and its refined profile assuming the presence of two phases with space groups of R3m and Cmcm. The large background between 12° and 30° originates from the Kapton film used to seal the sample. The refined results indicate a P3-type layered structure (R3m space group) as major phase with a small amount of orthorhombic K x MnO 2 impurity (≈6%) (Cmcm space group). In the P3-type structure, oxygen ions form parallel layers stacked in ABBCCA sequence, with Mn ions occupying the octahedral sites, and K ions sitting in the prismatic sites Novel and low-cost batteries are of considerable interest for application in large-scale energy storage systems, for which the cost per cycle becomes critical. Here, this study proposes K 0.5 MnO 2 as a potential cathode material for K-ion batteries as an alternative to Li technology. K 0.5 MnO 2 has a P3-type layered structure and delivers a reversible specific capacity of ≈100 mAh g −1 with good capacity retention. In situ X-ray diffraction analysis reveals that the material undergoes a reversible phase transition upon K extraction and insertion. In addition, first-principles calculations indicate that this phase transition is driven by the relative phase stability of different oxygen stackings with respect to the K content.
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LIBs, cannot reversibly intercalate Na ions, instead requiring the use of hard carbon anodes. [2] Thus, K-ion batteries (KIBs) with abundant K resources may be preferable as the standard redox potential of K/K + is lower than that of Na + /Na, and graphite can store and release K ions. [3] Reversible K-ion storage in various anode materials including carbonaceous materials (i.e., graphite, hard carbon, and graphene), [3, 4] metals (i.e., antimony and tin), [5] metal oxides (i.e., K 2 Ti 8 O 17 and K 2 Ti 4 O 9 ), [6] and organic materials (i.e., potassium terephthalate and potassium 2,5-pyridinedicarboxylate) has been demonstrated. [7] However, only a limited number of cathode materials for KIBs have been reported to date, [8] making the development of appropriate cathode materials critical for practical application of KIBs. Layered transition metal oxides (TMOs) have been intensively studied for LIBs and NIBs because their close-packed structure leads to high volumetric energy density. In this respect, Vaalma et al. demonstrated the use of layered K 0.3 MnO 2 as a positive electrode for K ions. [8b] Recently, Wang et al. also reported the use of K 0.7 Fe 0.5 Mn 0.5 O 2 nanowires as a cathode for KIBs. [8c] These pioneering works demonstrate the potential of layered TMOs for KIBs and motivate the search for new layered TMO compounds.
In this study, we synthesized layered P3-type K 0.5 MnO 2 and evaluated its electrochemical performance as a cathode for KIBs. Although the synthesis and structure of P3-type K 0. 5 MnO 2 have been previously reported, [9] its K-storage properties have not yet been investigated. We further investigate the structural changes of K 0.5 MnO 2 upon K extraction and insertion using in situ X-ray diffraction (XRD) coupled with electrochemical titration and first-principles calculations. This work provides a better understanding of the underlying K-storage mechanism in layered P3-type K 0.5 MnO 2 as well as insight for the design and development of novel cathode materials for KIBs. Figure 1a presents an XRD pattern of the as-synthesized K 0.5 MnO 2 and its refined profile assuming the presence of two phases with space groups of R3m and Cmcm. The large background between 12° and 30° originates from the Kapton film used to seal the sample. The refined results indicate a P3-type layered structure (R3m space group) as major phase with a small amount of orthorhombic K x MnO 2 impurity (≈6%) (Cmcm space group). In the P3-type structure, oxygen ions form parallel layers stacked in ABBCCA sequence, with Mn ions occupying the octahedral sites, and K ions sitting in the prismatic sites Novel and low-cost batteries are of considerable interest for application in large-scale energy storage systems, for which the cost per cycle becomes critical. Here, this study proposes K 0.5 MnO 2 as a potential cathode material for K-ion batteries as an alternative to Li technology. K 0.5 MnO 2 has a P3-type layered structure and delivers a reversible specific capacity of ≈100 mAh g −1 with good capacity retention. In situ X-ray diffraction analysis reveals that the material undergoes a reversible phase transition upon K extraction and insertion. In addition, first-principles calculations indicate that this phase transition is driven by the relative phase stability of different oxygen stackings with respect to the K content.
Cathode Materials
Rechargeable batteries have emerged as important devices for the storage of intermittent energy generated from renewable energy resources such as solar and wind. While Li-ion battery (LIB) technology has shown dominance in powering portable electronics and electric vehicles, it remains debatable whether the scarce resources for many of the metals in LIBs can satisfy the demands from large-scale application in grid-level storage. [1] This uncertainty has generated broad research interest into cost-effective alternatives. In this context, Na-ion batteries (NIBs) have been investigated as a promising option because of the abundance of Na and the similar chemistries of Na and Li systems. [1] However, there are two critical intrinsic problems associated with NIB technology: (i) the higher standard redox potential of Na/Na + usually translates into a lower working voltage than Li + and (ii) graphite, a conventional anode for www.advmat.de www.advancedsciencenews.com between the layers of MnO 6 octahedra, as shown in Figure 1b . The hexagonal lattice parameters of the major P3-K 0.5 MnO 2 phase are refined to be a = b = 2.875 Å and c = 19.085 Å, which agree well with the values reported in the literature. [9] Using inductively coupled plasma-mass spectroscopy (ICP-MS) analysis, the K:Mn ratio in the sample was determined to be 0.48, close to the target composition of 0.5. The individual contributions of the target material and impurity phase to the K content in the sample cannot be distinguished using the ICP-MS technique. Therefore, we used density functional theory (DFT) calculations to determine the c lattice parameter of K 0.5 MnO 2 as it is sensitive to the alkali ion concentration in layered TMOs. [10] The calculated c lattice parameter of 19.22 Å agrees well with the experimental result (within 1% error), which indicates that the K concentration (x) in the K x MnO 2 sample is close to 0.5. Note that DFT calculations using the GGA+U approach slightly overestimate lattice parameters. [11] Examination of the powder with scanning electron microscopy (SEM) indicates that the average particle size of the as-prepared P3-K 0.5 MnO 2 is 1-2 µm, as observed in Figure S1 in the Supporting Information.
The K-storage properties of P3-K 0.5 MnO 2 were investigated using cyclic voltammetry and galvanostatic measurements, with the results presented in Figure 2 . The open-circuit voltage (OCV) of the fresh P3-K 0.5 MnO 2 cathode is ≈2.7 V (vs K/K + ). This OCV value is slightly lower than what is observed in K 0.3 MnO 2 (OCV ≈ 3.1 V) reported by Vaalma et al., [8b] likely due to the higher K content. When scanning between 1.5 and 4.2 V (vs K/K + ), two strong oxidation peaks are observed at ≈3.7 and 4.1 V (vs K/K + ), whereas the corresponding reduction peaks are less obvious (Figure 2a ). In contrast, the oxidation and reduction peaks match well when scanning between 1.5 and 3.9 V, as observed in Figure 2b . These results imply that the K extraction and re-insertion processes may cause an irreversible structural change in the high-voltage region. Similar results are also obtained for galvanostatically cycling of the P3-K 0.5 MnO 2 cathode. Figure 2c presents the voltagecapacity curves for the first four cycles at a current rate of 5 mA g −1 within the voltage range of 1.5-4.2 V (vs K/K + ). Two distinct plateau-like features are observed at ≈3.7 and ≈4.1 V (vs K/K + ) upon charging, whereas the voltage plateaus are less pronounced in the subsequent discharge cycles. The first charge and discharge capacities are 93 and 140 mAh g −1 , respectively, suggesting that although ≈0.39 K is removed, ≈0.57 K can be reinserted. Note that, higher specific capacity is achieved during discharge than during the first charge because the first charge process starts from the K-deficient phase (K 0.5 MnO 2 ). When cycling between 1.5 and 3.9 V (Figure 2d ), P3-K 0.5 MnO 2 maintains a well-pronounced plateau at ≈3.6 V and delivers specific capacities of ≈53 and 106 mAh g −1 in the first charge and discharge, respectively. These results indicate that reversible K de/intercalation can be achieved by varying the K concentration (x) in K x MnO 2 between ≈0.28 and ≈0.72. It should be noted that the voltage profile of P3-K 0.5 MnO 2 shares features with that of K 0.3 MnO 2 ,
[8b] for which the structure is P2-type layered with an orthorhombic distortion. This implies that the potential is determined by the K content and distributions (such as K + /vacancy ordering) in the K + layers, rather than by the polymorphism of MnO 2 stacking. In Figure 2e , we compare the capacity retention of P3-K 0.5 MnO 2 cycled in the two voltage ranges. The high-voltage cycling (1.5-4.2 V) leads to substantial capacity fading; the capacity of P3-K 0.5 MnO 2 at the 20th cycle is 47 mAh g −1 , which is ≈30% of its initial discharge capacity. To determine whether the poor cycling stability during the high-voltage cycling originates from a kinetic limitation or degradation of the material, we compared the cycling stability of P3-K 0.5 MnO 2 at room temperature to that at 45 °C. As observed in Figure S2 in the Supporting Information, cycling at elevated temperature does not increase the achievable capacity but leads to severe capacity fade. This finding indicates that the capacity degradation during the high-voltage cycling is likely attributable to destabilization of the charged structure of P3-K 0.5 MnO 2 . The instability of P3-K 0.5 MnO 2 upon high-voltage cycling at 1.5-4.2 V is further confirmed from our ex situ XRD analysis. Figure S3 in the Supporting Information shows the XRD pattern of P3-K 0.5 MnO 2 after ten cycles. The typical set of diffraction peaks for the layered structure, usually observed between 15° and 30°, are missing indicating that a large portion of the phase becomes amorphized or at least loses any periodicity along the c-direction. In contrast, cycling between 1.5 and 3.9 V resulted in much better cycling performance for the P3-K 0.5 MnO 2 Adv. Mater. 2017, 1702480 www.advmat.de www.advancedsciencenews.com cathode; a discharge capacity of ≈81 mAh g −1 (≈76% of the initial discharge capacity) is maintained at the 20th cycle. At a relatively high current rate of 20 mA g −1 , P3-K 0.5 MnO 2 also retains a reversible capacity of ≈70 mAh g −1 (≈70% of the initial discharge capacity) with a coulombic efficiency of ≈95% for 50 cycles when cycled at 1.5-3.9 V (Figure 2f ). The relatively low coulombic efficiency is likely attributable to side reactions in K metal anode and electrolytes. The brown/yellow color of the glass fiber separator after 20 cycles most likely results from the side reaction of electrolyte with K metal ( Figure S4 , Supporting Information). In fact, the high reactivity between K metal and conventional carbonate-based electrolytes, resulting in low coulombic efficiency, is another challenge in KIBs. [12] We further performed rate capability tests of P3-type K 0.5 MnO 2 at various current rates from 10 to 300 mA g −1 . Discharge capacities of 97, 87, 82, 72, and 38 mAh g −1 are obtained at 10, 30, 50, 100, and 300 mA g −1 , respectively ( Figure S5 , Supporting Information). While the rate capability is respectable, it is lower than in many Li-ion and Na-ion materials. To evaluate whether this is due to poor diffusion of K ions in K 0.5 MnO 2 we evaluated the diffusivity of K ions using galvanostatic intermittent titration technique (GITT) ( Figure S6 , Supporting Information). The GITT is performed at a current rate of 5 mA g −1 with a 2-h relaxation time. The diffusivity is estimated to 10 −13 -10 −14 cm 2 s
, which is lower than Na and Li in layered oxide compounds (10 −10 -10 −13 for Na in Na ). The K-storage mechanism for P3-K 0.5 MnO 2 was investigated using in situ XRD. We observe two-phase reactions in specific narrow K contents (0.395 < x < 0.425 and 0.316 < x < 0.364 in K x MnO 2 ) with solidsolution states at other K compositions. The (003) and (006) peaks shift to lower angles upon K extraction (Figure 3b,c) , indicating the expansion of the MnO 2 slab distance, as is commonly observed in layered alkali-transition metal-oxide compounds. [10, 14] More importantly, the (015) peak disappears and a new (104) peak appears to evolve at x ≈ 0.41 in K x MnO 2 . Unfortunately, the (104) peak overlaps with a background Al peak at ≈18.5 °; however, the (104) peak develops as a noticeable shoulder-like peak upon K extraction, as observed in scan #7 in Figure 3d -f. This feature indicates a phase transition from a P3 to O3 structure as K ions removed. [14, 15] Upon further K-extraction to x≈0.34 in K x MnO 2 , a new set of XRD peaks to the left of the (003) and (006) peaks appears, as highlighted in Figure 3b www.advmat.de www.advancedsciencenews.com expect that these new peaks are still related to the (00l) planes and may indicate a two-phase reaction to a phase with larger slab spacing at 0.34 > x > 0.27. Because of the limited resolution of the in situ XRD and peaks from the background, we defer to explicitly determine the structure of this new phase at high state of charge and denote the phase as "X" However, it should be emphasized that the X phase may maintain O3-like stacking as the shoulder-like (104) peak is still evident; the overall peak intensity near 18.5 ° at 0.34 > x > 0.27 in K x MnO 2 (e.g., #14 in Figure 3d -f) is larger than that in P3-K 0.5 MnO 2 (#1), indicating superposition of the (104) peak on the Al background. The phase evolution is reversed during the discharge process with no additional phase transitions when discharging to 1.5 V, suggesting reversible K intercalation and deintercalation behavior in P3-K 0.5 MnO 2 . The P3-O3-X transitions can be more clearly seen in the 2D plot of the in situ XRD patterns presented in Figure S7 in the Supporting Information.
To further validate the phase transition with respect to the K content, we computed the formation energies of P3-, O3-, and O1-type K x MnO 2 structures as a function of the K content (x = 0.25, 0.33, 0.5, and 0.66) using DFT. The results are plotted in Figure 4a . We considered the P3 (ABBCCA oxygen stacking), (104) and (015) peaks indicate O3 and P3 structures, respectively; and f) comparison with simulated XRD patterns of the O3 and P3 structures. K ions occupy octahedral and prismatic sites in the O3 and P3 structures, respectively. The O3 structure has an ABCABC oxygen stacking sequence, whereas the P3 structure has an ABBCCA oxygen stacking sequence.
www.advmat.de www.advancedsciencenews.com O3 (ABCABC oxygen stacking), and O1 (ABAB oxygen stacking) structures as they can transform into each other via sliding of the MnO 2 slab without breaking Mn-O bonds. In Na x MO 2 , a similar P3-O3 phase transition is experimentally observed during electrochemical cycling, and transformation to an O1 structure is sometimes observed at low Na concentrations. [14] [15] [16] The computational results indicate that the P3-type framework has the lowest energy at high K content (x = 0.5 and 0.66), whereas the O3-type framework becomes stable at low K content (x = 0.25 and 0.33), which is consistent with observation of a P3 to O3 transition observed in the in situ XRD. An approximate voltage profile was also calculated from the ground state DFT energies as [17] (
where E(K x MnO 2 ) are the DFT energies of the most stable K x MnO 2 configurations at each composition and E(K) is the energy of bcc K metal (space group: Im-3m). F is the Faraday constant. Figure 4b shows calculated voltage profile of K x MnO 2 (red line) as a function of K contents overlaid with the experimental charged/discharged voltage profile (black line). It should be noted that the DFT calculation approximates the voltage curve by calculating the energy at a limited number of K contents (i. e. x = 0.25, 0.33, 0.5, and 0.66 in K x MnO 2 ). Between each two compositions only the local average voltage can be obtained. [18] As a result, the flat parts of the calculated voltage profile are artificial as they only represent the averaged voltage between these specific K contents. More detailed voltage curves can in principle be applied by using the cluster expansion technique. [19] However, overall, the calculated voltage profile is in a good agreement with the experimental voltage profile. The large K slab spacing (>4 Å) between the oxide layers necessitates use of the van der Waals (vdW) correction [20] to calculate the voltage profile. Without vdW correction the voltage is under-predicted by about 0.55 V ( Figure S8 , Supporting Information). Large alkali ions, such as Na + and K + have certain advantages over Li + ions. In many Li-layered oxide compounds, TM ions migrate into the Li layer upon delithiation, which often results in an irreversible structural change and thus capacity degradation. [21] Layered LiMnO 2 , for example, is almost completely converted into a spinel structure due to rapid redistribution of Mn into the Li sites. [22] This TM migration through the intermediate tetrahedral site is assisted by Li migration into tetrahedral sites, forming TM tet -Li tet dumbbells.
[22a, 23] Although TM migration has also been reported in Na systems, usually when more than 0.5 Na is extracted, as observed in NaFeO 2 , NaTiO 2 , and NaCrO 2, [15, 24] this process is energetically more difficult than in the Li systems because the larger size of Na + makes it energetically less favorable to form a Na-TM dumbbell. [23] It is highly likely that TM migration is even more difficult in K-layered oxides because of the large K ion radius. In addition, the larger K slab spacing creates highly distorted sites in the alkali layer, making TM migration less favorable, as compared to Na and Li layered materials. This explains at least in part why the structural change upon electrochemical cycling is reversible in K x MnO 2 for 0.27 < x < 0.70, as demonstrated by our electrochemical results.
The data in Figure 2 indicates that the voltage range substantially affects the cyclability of the P3-K 0.5 MnO 2 cathode. When charging to 4.2 V, the plateau-like voltage profile observed at ≈4.1 V suggests that the material undergoes a structural change that is different from the P3-O3-X transformation. However, unlike the plateau for the O3-X transformation, this high voltage plateau is less obvious in discharge, and this irreversibility of structural evolution likely impacts the capacity retention. To better understand the nature of phase transformation occurring at ≈4.1 V, we performed in situ XRD for two successive cycles between 1.5 and 4.2 V at a current rate of 7 mA g −1 ( Figure S9, Supporting Information) . Interestingly, the (00l) peaks at 6.5° and 12.5° broaden while their intensity significantly decreases at the top of charge (x < 0.27 in K x MnO 2 ). This change in the peak profile can originate from stacking faults along the c-axis. The subsequent discharge partially recovers the peak profile, but not perfectly, implying that only some of the stacking changes are reversible. This trend in the (00l) peaks is also observed during the second cycle. As a result, we expect the repeated formation and partial healing of the stacking faults or defects to result in an irreversible structure change. Thus, the voltage range should be carefully tuned to extend the effective lifetime of the P3-K 0.5 MnO 2 cathode. In summary, we demonstrated P3-structured K 0.5 MnO 2 as a new cathode material for KIBs. This cathode delivers a reversible capacity of ≈100 mAh g −1 . Between 1.5 and 3.9 V, K x MnO 2 cycles through reversible P3-O3-X phase transitions, whereas overcharging to 4.2 V leads to significant capacity loss. This combined experimental and theoretical study on layered K 0.5 MnO 2 provides insight for the design of novel cathode materials and opens up a new path toward the development of high-performance KIBs.
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